Objectives: Urinary tract infections (UTIs), commonly caused by uropathogenic Escherichia coli (UPEC), confer significant morbidity among postmenopausal women. Glycosaminoglycans (GAGs) comprise the first line of defense at the bladder's luminal surface. Our objective was to use a murine model of menopause to determine whether estrogen status affects the GAG layer in response to UPEC infection.
Methods: Adult female mice underwent sham surgery (SHAM, n = 18) or oophorectomy (OVX, n = 66) to establish a murine model of menopause. A subset of oophorectomized mice underwent hormone therapy (HT, n = 33) with 17A-estradiol. Mice were inoculated with UPEC and killed at various time points; bladders were collected and GAG layer thickness was assessed in multiple bladder sections. Sixteen measurements were made per bladder. A repeated-measures 2-way analysis of variance was performed to determine the effect of time after infection and hormonal condition on GAG thickness. We also investigated the molecular underpinnings of GAG biosynthesis in response to alterations in estrogen status and infection.
Results: We did not observe significant difference of GAG thickness among the 3 hormonal conditions; however, the time course of GAG thickness was significantly different (P G 0.05). The OVX mice demonstrated significantly greater thickness at 72 hours after infection (P = 0.0001), and this effect was shifted earlier (24 hours after infection) on the addition of HT (P = 0.001). At 2 to 4 weeks after infection, GAG thickness among all cohorts was not significantly different from baseline. In addition, quantitative reverse transcriptionYpolymerase chain reaction analysis revealed that GAG biosynthesis is altered by estrogen status at basal level and on infection.
Conclusions:
The GAG layer is dynamically altered during the course of UTI. Our data show that HT positively regulates GAG layer thickness over time, as well as the composition of the GAGs. In addition, the GAG sulfation status can be influenced by estrogen levels in response to UPEC infection. The protective effects of the GAG layer in UTI may represent pharmacologic targets for the treatment and prevention of postmenopausal UTI. U rinary tract infections (UTIs) confer significant morbidity among postmenopausal women. The overall annual incidence of UTIs in postmenopausal women is 7%. 1 Women aged 55 years and older have a 53% chance of experiencing recurrent UTI, and uropathogenic Escherichia coli (UPEC) are implicated in approximately 78% of recurrences. 2 Estrogen statusVspecifically, decreased estrogen as during menopauseV is a significant risk factor for UTI. The lack of estrogen has been associated with urogenital tract changes that predispose to colonization with UPEC. 3, 4 Uropathogenic E. coli infection follows a multistep pathway of infection, including adhesion, invasion, replication, and persistence. 5Y7 The first line of defense against infection at the bladder's luminal surface consists of the extracellular glycosaminoglycan (GAG) layer of the bladder. 8, 9 Glycosaminoglycans are negatively charged polysaccharide chains that are found in multiple cellular locations and are involved in numerous cellular functions including cell-matrix interactions and activation of chemokines, enzymes, and growth factors. Some of the commonly known GAGs include hyaluronic acid, chondroitin sulfate, and heparan sulfate. In the bladder, the luminal surface contains a greater concentration of sulfated (negatively charged) GAGs than the intracellular and interstitial locations. 10 The thickness of the luminal surface of the GAG layer is thought to be approximately 10 to 20 KM on average. 11Y13 Glycosaminoglycan sequences are not directly encoded by genes but are assembled in the Golgi apparatus by enzymes encoded by more than 40 genes. 14 Glycosaminoglycans may present unique sulfation patterns, chain lengths, and fine structures that permit them to rapidly adapt to a variety of environmental factors. 14Y21 Our objectives were to determine (1) whether estrogen status affects the GAG layer of the bladder at the basal level and in response to UPEC infection and (2) whether administration of exogenous estrogen would alter the GAG layer's regeneration after infection. We hypothesized that a hypoestrogenic state would impair the protective GAG layer and that estrogen replacement would restore this layer. Furthermore, we hypothesized that a subset of enzymes involved in GAG biosynthesis may be under estrogenic regulatory control.
MATERIALS AND METHODS

Murine Model of Surgical Menopause and Hormone Therapy
Approval for this study was obtained from the Institutional Animal Care and Use Committee. We established a murine model of menopause in which 7-to 8-week-old adult female C57BL6/J mice were anesthetized and underwent sham surgery (SHAM, n = 18) or oophorectomy (OVX, n = 66). The mice underwent a 2-week recovery period. A subset of oophorectomized mice underwent hormone therapy (HT, n = 33) with subcutaneous implantation of time-release pellets containing supratherapeutically dosed 0.01 mg of A-estradiol (Innovative Research of America, Sarasota, Fla).
Mouse Inoculations
Mice were anesthetized and inoculated with UTI89, a uropathogenic strain of E. coli. Inoculation was performed via transurethral catheterization with 50 KL of bacterial suspension (10 7 CFU/mL) of UTI89 in phosphate-buffered saline. The mice were killed at various time points after infection. For the uninfected time point (0 hours), 3 mice from each category (SHAM, OVX, and HT) were killed. At each of the remaining time points (6 hours, 24 hours, 72 hours, 2 weeks, and 4 weeks), 3 SHAM, 6 OVX, and 6 HT mice were killed. The bladders were collected, embedded in paraffin, and sectioned ( Fig. 1 ).
Histochemical Analysis
Bladders were stained with Alcian blue, a positively charged histologic stain. Alcian blue was selected for its strong positive charge and thereby high avidity for the negatively charged, sulfated GAGs present at the luminal surface of the bladder 22 (Fig. 2) . The thickness of the GAG layer was assessed in multiple bladder sections. Sections were visualized using a light microscope, a Nikon Eclipse E800 (Nikon, Tokyo, Japan) with an Olympus DP71 camera (Olympus, Tokyo, Japan). Images were captured and measurements made at 100Â using ImageJ (National Institutes of Health, Bethesda, Md). Sixteen measurements were made per bladder.
Statistical Analysis
The measurements were collectively analyzed using a repeated-measures 2-way analysis of variance to determine the effect of time after infection and hormonal condition on GAG thickness on SHAM and OVX mice, including the subset of mice that underwent exogenous A-estradiol administration. Statistical analyses were made using SPSS 16.0 for Mac (IBM, Chicago, Ill).
Quantitative Real-time Polymerase Chain Reaction Analysis
We analyzed the expression of enzymes involved in GAG synthesis using real-time quantitative polymerase chain reaction (PCR) of RNA samples isolated and pooled from bladders of SHAM and OVX mice (n = 5 mice per sample). Samples were taken 6 hours after infection and from phosphate buffered saline controls at the same time points. RNA was isolated from the bladder using TRIzol (Invitrogen Life Technologies, Grand Island, NY), treated with DNase I (Ambion, Austin, Tex) to remove contaminating DNA, and complementary DNAs were synthesized from 2 Kg of total RNA pooled from 5 bladders of each group using SuperScript II RNase H reverse transcriptase (Invitrogen Life Technologies). The expression of targets was detected by real-time PCR using the ABI Prism 7700 sequence detection system and SYBR Green PCR MasterMix (Applied Biosystems, Carlsbad, Calif). The primers used for detection of the targets are listed in Table 1 . The expression of each target was measured in triplicate. Relative quantification of target expression was determined using the comparative C T method with 18S expression as a control, as described in the ABI Prism 7700 Sequence Detection System User Bulletin.
RESULTS
Estrogen Status Alters the Thickness of the GAG Layers
The GAG thickness among the 3 hormonal conditions did not significantly differ at baseline; mean thicknesses were as follows: SHAM, 26.2 Km; OVX, 29.1 Km; and HT, 25.0 Km. Excitingly, however, we found that the time course of the GAG thickness was significantly different across hormonal conditions (P = 0.034). At 24 hours after infection, GAG thickness in estrogen-treated mice (29.3 Km) was significantly greater than that in SHAM (19.5 Km) and OVX (23.4 Km) mice (P = 0.001). At 72 hours after infection, GAG thickness in OVX mice (36.1 Km) was significantly greater than that in SHAM (21.5 Km) and estrogen-treated (27.2 Km) mice (P = 0.0001). By 4 weeks after infection, GAG thickness across all conditions had returned to levels not significantly different from baseline (SHAM, 26.0 Km; OVX, 28.7 Km; HT, 26.6 Km). Therefore, although the overall thickness of the GAG layer among the 3 hormonal conditions did not differ at baseline, the dynamic response of the GAG layer over the time course of infection changed depending on estrogen status (Fig. 3 ).
Loss of Estrogen Signaling Alters the Expression of Enzymes Involved in GAG Biosynthesis
To further examine whether the composition of the GAG layer is altered by estrogen status at baseline and on infection, we looked at the messenger RNA levels of enzymes involved in GAG biosynthesis by quantitative PCR. Among 23 enzymes tested, glucuronosyltransferase (Gluc), which adds GlcA residue to GAG chains, was highly modulated by estrogen level. At baseline, all 3 isoforms of Gluc were upregulated in OVX mice, with a fold change relative to SHAM mice of 10.7, 6.5, and 3.1 for Gluc1, Gluc2, and Gluc3, respectively (Fig. 4A ). However, their up-regulation in OVX mice was slower on infection compared with SHAM mice, SHAM mice showed a rapid and robust up-regulation of these enzymes at 6 hours after infection, with a fold change of 23.7, 47.3, and 52.3 for Gluc1, Gluc2, and Gluc3, respectively (Fig. 4B) . Interestingly, HA synthase (HAS), which synthesizes hyaluronan, a free GAG component, showed a similar response to estrogen level with Gluc before and after infection. We found that all 3 isoforms of HAS were upregulated before infection (Fig. 4A) , and their up-regulation was slower on infection compared with SHAM mice (Fig. 4B ). We also found that sulfation enzymesVespecially Hs6ST1Vwere regulated by estrogen level in response to UPEC infection, with a greaterthan-2-fold up-regulation relative to SHAM mice at 6 hours after infection (Fig. 4B ).
DISCUSSION
Our original hypothesis was that the GAG layer would be altered in OVX mice. However, we did not observe a significant difference in the thickness of the GAG layer between SHAM and OVX mice before infection. Rather, the expression profile of GAG biosynthesis enzymes were differentially regulated by estrogen status, which suggests that it is the composition, rather than the amount, of the GAG layer that is regulated by estrogen status at the basal level. However, the dynamic response of the GAG layer to UPEC infection was affected by estrogen status. Our data show that estrogen status influences the time course of change in GAG thickness. Estrogen therapy leads to an earlier increase in GAG thickness, whereas OVX without estrogen therapy and SHAM-operated mice demonstrated a delayed increase in GAG thickness. Exactly how this shift in GAG increase impacts infection remains unclear. Previous studies have shown that estrogen regulates proinflammatory cytokines such as IL-6, 23Y25 which in turn regulate the expression of genes involved in the production of GAG components (including heparan sulfate Dglucosaminyl 3-O-sulfotransferase and hyaluronan synthase). 26, 27 The dynamic response of the GAG layer to UPEC infection might reflect the dynamic response of proinflammatory cytokines affected by estrogen in response to infection.
The quantitative PCR analysis of GAG synthetic enzymes suggests that the level of estrogen does not affect the initiation of the polysaccharide chain, but instead affects the elongation and sulfation of the polysaccharide chain. Accordingly, the initiation of the polysaccharide chain by, for example, addition of the xylose unit to the protein bone is not affected by estrogen level. We have previously shown that levels of heparan sulfate D-glucosaminyl-3-O-sulfotransferase were increased directly on UPEC infection. 28 Here, we show that the levels of heparan sulfate 6-O-sulfotransferase are also modulated by estrogen levels on infection. We previously demonstrated that the expression of HAS was upregulated in response to UPEC infection in wild-type mice. 28 Here, we observed the expression of hyaluronic acid synthetase was increased at the basal level and quickly downregulated on UPEC infection in OVX mice compared with SHAM mice. In contrast to the other GAG families, HA is most likely found in vivo as a free GAG. Thus, our data demonstrate a broad role of estrogen in the regulation of GAG components in response to UPEC infection, suggesting that estrogen level not only affects the GAG layer associated with the urothelial surface but also affects the free GAGs, which has significant implications for wound repair after infection.
Together, our data show that not only the dynamic change of GAG layer thickness but also the composition of the GAGs and its sulfation status can be affected by level of estrogen, which in turn affects the urothelial barrier and its susceptibility to environmental insult such as UPEC infection. Further studies are required to determine the exact links between hormonal condition, dynamic GAG thickness changes, GAG composition, and clearance of UPEC from the bladder. The GAG layer may represent potential pharmacologic targets for the treatment and prevention of postmenopausal UTI.
